Lo F-S, Zhao S, Erzurumlu RS. Astrocytes promote peripheral nerve injury-induced reactive synaptogenesis in the neonatal CNS. J Neurophysiol 106: 2876 -2887. First published September 7, 2011 doi:10.1152/jn.00312.2011.-Neonatal damage to the trigeminal nerve leads to "reactive synaptogenesis" in the brain stem sensory trigeminal nuclei. In vitro models of brain injury-induced synaptogenesis have implicated an important role for astrocytes. In this study we tested the role of astrocyte function in reactive synaptogenesis in the trigeminal principal nucleus (PrV) of neonatal rats following unilateral transection of the infraorbital (IO) branch of the trigeminal nerve. We used electrophysiological multiple input index analysis (MII) to estimate the number of central trigeminal afferent fibers that converge onto single barrelette neurons. In the developing PrV, about 30% of afferent connections are eliminated within 2 postnatal weeks. After neonatal IO nerve damage, multiple trigeminal inputs (2.7 times that of the normal inputs) converge on single barrelette cells within 3-5 days; they remain stable up to the second postnatal week. Astrocyte proliferation and upregulation of astrocyte-specific proteins (GFAP and ALDH1L1) accompany reactive synaptogenesis in the IO nerve projection zone of the PrV. Pharmacological blockade of astrocyte function, purinergic receptors, and thrombospondins significantly reduced or eliminated reactive synaptogenesis without changing the MII in the intact PrV. GFAP immunohistochemistry further supported these electrophysiological results. We conclude that immature astrocytes, purinergic receptors, and thrombospondins play an important role in reactive synaptogenesis in the peripherally deafferented neonatal PrV. trigeminal brain stem; deafferentation; purinergic receptors; thrombospondin; gabapentin; central nervous system IN THE ADULT BRAIN, DEAFFERENTATION results in rapid synaptic loss followed by a prolonged "reactive synaptogenesis" via sprouting of afferent axons that form new synaptic connections (Collazos-Castro and Nieto-Sampedro 2001; Cotman and Anderson 1988; Deller and Frotscher 1997; Dieringer 1995; Hamori 1990; Marrone and Petit 2002; Matthews et al. 1976 ). The cellular and molecular mechanisms underlying reactive synaptogenesis are poorly understood. In addition, very little is known about reactive synaptogenesis in the neonatal brain during the initial wiring of neural circuits and synaptogenesis. This is partly due to difficulties in dissociating injury-induced synaptogenesis from the normal course of developmental synaptogenesis and synaptic pruning.
IN THE ADULT BRAIN, DEAFFERENTATION results in rapid synaptic loss followed by a prolonged "reactive synaptogenesis" via sprouting of afferent axons that form new synaptic connections (Collazos-Castro and Nieto-Sampedro 2001; Cotman and Anderson 1988; Deller and Frotscher 1997; Dieringer 1995; Hamori 1990; Marrone and Petit 2002; Matthews et al. 1976 ). The cellular and molecular mechanisms underlying reactive synaptogenesis are poorly understood. In addition, very little is known about reactive synaptogenesis in the neonatal brain during the initial wiring of neural circuits and synaptogenesis. This is partly due to difficulties in dissociating injury-induced synaptogenesis from the normal course of developmental synaptogenesis and synaptic pruning.
In the rat, damage to the infraorbital (IO) branch of the trigeminal nerve during the early postnatal critical period of structural plasticity (Erzurumlu 2010 ) results in synaptic remodeling in the brain stem trigeminal principal nucleus (PrV).
Whisker-specific neural patterns (barrelettes) are lost, and apoptosis in both the trigeminal ganglion and the PrV significantly increases (Henderson et al. 1993; Miller et al. 1991; Miller and Kuhn 1997; Sugimoto et al. 1998 Sugimoto et al. , 1999 . Most IO-PrV synapses of the rat are functional at birth (Lo et al. 1999; Lo and Erzurumlu 2007) . After neonatal IO transection, membrane properties of surviving PrV neurons, neurotransmitter release probability of presynaptic afferents, and postsynaptic NMDA receptor subunit composition do not change Erzurumlu 2001, 2011; Lo and Zhao 2011) . However, postsynaptic responses to stimulation of the trigeminal tract (TrV) show marked changes. Minimal stimulation of the TrV induces silent synapses without functional AMPA receptors in the deafferented PrV (Lo and Erzurumlu 2007) . Maximal stimulation of the TrV elicits a sustained depolarization (plateau potential) that is mediated by high-threshold L-type Ca 2ϩ channels and triggered by NMDA receptor-mediated excitatory postsynaptic potentials in the deafferented PrV (Lo and Erzurumlu 2002) , suggesting that synaptic inputs are enhanced to depolarize the membrane to the threshold of L-type Ca 2ϩ channels in the deafferented PrV.
In the present study, we employed a reliable electrophysiological approach, multiple input index (MII) (Arsenault and Zhang 2006; Chen and Regehr 2000; Crepel and Mariani 1976; Hooks and Chen 2006; Lu and ConstantinePaton 2004; Mariani and Changeux 1981; Stevens et al. 2007) to estimate the number of trigeminal inputs converging on single barrelette neurons in the developing and deafferented PrV of postnatal rats. We found that in the intact PrV, about 30% of synaptic connections are eliminated within 2 postnatal weeks. However, in the deafferented PrV, new synaptic connections are rapidly formed 3-5 days after peripheral deafferentation and remain stable up to the second postnatal week. Thus single barrelette neurons in the deafferented PrV receive 2.7 times more trigeminal inputs than those of the intact PrV.
The IO nerve injury-induced reactive synaptogenesis in the PrV is accompanied by robust astrocytosis confined to the deafferented zone of the PrV. In vitro models of brain injuryinduced synaptogenesis have implicated an important role for astrocytes (Allen and Barres 2005) . We tested the role of astrocytes in our in vivo reactive synaptogenesis model by pharmacological interruption of astrocyte function at various levels. Blockade of astrocyte function, purinergic receptors, and thrombospondins (TSPs) all reduced reactive synaptogenesis without interfering with developmental synaptogenesis. Thus our results reveal a major role for astrocytes in mediating peripheral nerve injury-associated reactive synaptogenesis in the developing brain.
MATERIALS AND METHODS

IO nerve transection.
The unilateral IO nerve injury and its effects on barrelette patterning in neonatal rats and mice has been amply documented for the past quarter century, and it is a well-established model for investigating the role of sensory periphery in patterning of the trigeminal central nervous system (CNS) structures, from brain stem to the neocortex. Postnatal day 0 (P0) and P4 Sprague-Dawley rat pups were anesthetized by hypothermia. The IO nerve on the right side was cut with sterile microscissors. The left side was either uninjured, or a skin incision was made between the eye and the whisker pad (sham operation) as an internal control. All animal protocols were in accordance with the National Institutes of Health guidelines and were approved by the University of Maryland at Baltimore Institutional Animal Care and Use Committee.
Brain slice preparation. In the present study, we prepared brain slices from rat pups between P1 and P13. The animals were euthanized, and the brain was removed and immersed in cold (4°C) glycerol-based artificial cerebrospinal fluid (GACSF; modified from Ye et al. 2006 ) that contained (in mM) 263 glycerol, 2.5 KCl, 1.25 NaH 2 PO 4 , 4 MgSO 4 , 26 NaHCO 3 , 10 glucose, and 1 CaCl 2 , bubbled with 95% O 2 and 5% CO 2 (pH 7.4, 327 mosM). Initial incubation in GACSF prevents acute neurotoxic effects of passive chloride entry into cells and increases viability of cells in the slice ). The brain stem was next embedded in 2% agar and cut into 400-mthick transverse sections with a vibratome (Leica VT 1000S) in GACSF at 4°C. Slices containing the PrV were selected under a dissecting microscope; the intact and deafferented side of each slice was marked. After 45-min incubation in warm (34°C) GACSF, slices were incubated in normal ACSF (in mM: 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 26 NaHCO 3 , 10 glucose, and 2 CaCl 2 , pH 7.4) at room temperature. Each slice was transferred into a submerged-type recording chamber (RC-27L; Warner Instruments) and continuously perfused (Ͼ2 ml/min) with normal ACSF at room temperature. During electrophysiological recording, picrotoxin (50 M) was added into the ACSF to block GABAergic responses.
Electrophysiology. Whole cell patch micropipettes were backfilled with a Cs-based intracellular solution (in mM: 115 CsMeSO 3 , 10 NaCl, 1 KCl, 4 MgCl 2 , 1 CaCl 2 , 11 EGTA, 20 HEPES, 3 Na 2 -ATP, 0.5 Na 2 -GTP, and 0.1 spermine, pH 7.25, Ͼ290 mosM) with a tip resistance of 5-9 M⍀. Neurons in the ventral part of the PrV (barrelette region) were blindly patched with the previously described techniques (Lo et al. 1999) . Barrelette neurons were identified by their prominent transient K ϩ (I A ) conductance (Lo et al. 1999 ) that was gradually blocked by Cs ϩ dialyzed from a micropipette 3 min after whole cell recording. Fine-tip stimulating electrodes (0.5 M⍀; catalog no. IRM33A05KT; World Precision Instruments) were inserted at various points along the TrV lateral to the barrelette region. Electrical pulses (0.1-0.3 ms in duration, 0.33 Hz, 0 -350 A) were passed through the electrodes to evoke excitatory postsynaptic currents (EPSCs). Because silent synapses without AMPA receptor-mediated EPSCs were induced by minimal (threshold) stimulation in both intact and deafferented PrV (Lo and Erzurumlu 2007) , barrelette neurons were voltage-clamped at ϩ60 mV to prevent loss of EPSCs that were mediated exclusively by NMDA receptors. However, suprathreshold stimulation induced both AMPA and NMDA receptor-mediated EPSCs at ϩ60 mV (Lo and Zhao 2011) ; thus EPSCs induced by suprathreshold stimuli contain both AMPA and NMDA components. All physiological data were collected with an Instrutech ITC-16 interface unit and stored on a Pentium III personal computer with Pulse (HEKA) software (Instrutech).
Determination of the MII. Barrelette neurons were voltage-clamped at ϩ60 mV to show EPSCs induced by stimulation of TrV at 0.33 Hz. The stimulus intensity was gradually increased from 0 to 350 A at steps of 10 A. The peak amplitudes of EPSCs were measured and plotted against stimulus intensity. The amplitude of EPSCs enhanced in a stepwise manner following the increase in stimulus intensity. We first measured the baseline noise of recordings and calculated the standard deviation (SD) of the noise. The variation in amplitude of EPSCs was analyzed. If the amplitude of an EPSC was larger than the prior EPSC by more than 3 times the SD, a "jumping step" was defined. The fluctuation of EPSC amplitudes induced by the same stimulus intensity was always less than 3 times that of the noise SD.
For each recorded cell, we first measured the threshold intensity and then increased the intensity by 10-A increments until the amplitude of the EPSCs reached its maximal level. The maximal EPSC was always achieved with stimulus intensity that was about 5 times the threshold intensity; the maximal stimulus intensity we used was always above 5 times the threshold. The number of jumping steps (MII) provided an estimate of the lower limit number of innervating fibers that converge onto the recorded neuron (see DISCUSSION) .
Pharmacology. Sodium fluoroacetate (SFA) was injected at 1 mg/kg ip on P2. Reactive blue-2 (RB-2; 100 mg/kg ip) or suramin (SRMN; 20 mg/kg ip) was administered on P0, P2, and P4. Gabapentin (GBPT; 100 mg/kg ip) was injected on P1-P4.
Histochemistry and immunohistochemistry. Unilaterally P0 IO-cut control and drug-treated pups at P5-P7 were euthanized and perfused with saline followed by phosphate-buffered 4% paraformaldehyde. The brains were fixed overnight and cytoprotected in 30% sucrose. Coronal sections of 20 -30 m were cut in a cryostat and collected in serial order. Alternate sections containing the PrV were processed for cytochrome oxidase (CO) histochemistry and Wisteria floribunda agglutinin (WFA) labeling or for glial fibrillary acidic protein (GFAP) and aldehyde dehydrogenase 1 family, member L1 (ALDH1L1) immunohistochemistry. WFA is a lectin that binds to the N-acetylgalactosamine component of the chondroitin sulfate chains and is commonly used to detect chondroitin sulfate proteoglycans (CSPGs) in brain tissue (Brückner et al. 1993; Celio et al. 1998; Härtig et al. 1994; Pantazopoulos et al. 2006) . ALDH1L1 is recognized as a highly specific antigenic marker for astrocytes (Cahoy et al. 2008; Yang et al. 2011) .
A series of sections from unilateral IO-cut animals were processed for synaptophysin immunoreactivity to provide morphological correlates of reactive synaptogenesis assessed by electrophysiology. For CO histochemistry, the sections were incubated with PBS containing 0.5 mg/ml cytochrome c, 0.5 mg/ml diaminobenzidine (DAB; both from Sigma), and 50 mg/ml sucrose for 6 -7 h at 37°C in a shaker incubator. For GFAP immunochemistry, the sections were incubated in 0.6% H 2 O 2 in PBS to block the endogenous peroxidase activity. After rinses in PBS, the sections were incubated at 4°C with rabbit anti-GFAP (DAKO) for 48 h, followed by incubation with biotinylated donkey anti-rabbit antibody (Jackson ImmunoResearch). The detection of GFAP immunoreactivity was performed using the ABC kit (Vector Labs) and visualized with DAB.
Quantitative analysis of GFAP expression was carried out with a Nikon Microphot microscope (Nikon Americas) under bright-field ϫ10 magnification. Microscope images were captured with a Nikon Digital Sight camera mounted to the microscope, and labeling intensities were obtained using NIS-Elements software (Nikon Americas). Two circular regions of interest (ROI) of 213 m in diameter were placed on the dorsal and ventral (barrelette region) PrV separately. Mean pixel intensities were measured inside each ROI. The intensity of the dorsal ROI was taken as a control. The difference between the dorsal and ventral ROI represented GFAP labeling in the ventral PrV.
For synaptophysin and ALDH1L1 immunofluorescence and WFA labeling, the sections of P5 rats were incubated in mouse monoclonal purified IgG against synaptophysin I (SYSY), anti-ALDH1L1 (NeuroMab), and rabbit anti-GFAP (DAKO) or in a solution of biotin-conjugated lectin WFA (Sigma) in 0.01 M PBS containing 1% normal goat serum, 2% BSA, and 0.3% Triton X-100 overnight at 4°C. Next, the sections were rinsed with PBS and then incubated with Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) and Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen) at room temperature for 1 h. WFA was stained with a 1-h incubation in FITC-conjugated streptavidin. The slides were rinsed with PBS and covered with fluorescence mounting medium.
Synaptophysin immunostaining was evaluated using fluorescence microscopy (Nikon Eclipse 90i). A z-series of the images from the barrelette region of the PrV were acquired using a ϫ40 objective at 1,310,720-pixel 2 density with a Nikon DS-Fil camera. Quantitative ratio measurements of synaptophysin puncta were performed by using NIS Elements software (Nikon) to detect the values of regional maxima (compares each pixel's intensity with the intensity of surrounding pixels). A series of consecutive PrV-brain stem sections (a total of 32 sections from 4 pups) from unilaterally deafferented pups was used. The values of regional maxima were obtained at the same scale of threshold, matrix, and count. The fluorescence intensity was taken as a measure of synaptic puncta density. The difference in intensity (regional maxima) was calculated as a percentage.
Western blot. For Western blot analyses, 6 litters of P0 unilateral IO-lesioned rat pups were euthanized on P5. The brains were extracted and sliced on a McIlwain tissue chopper at 700 -1,000 m. Slices containing the PrV were selected under a stereomicroscope, and the PrV was dissected out using microscissors. The left and right (IO cut side) PrV from each animal were collected in Eppendorf tubes and rapidly frozen. In all cases, the whisker pad was dissected to ensure that the nerve cut was complete. Protein (20 g) from each sample was separated on 10% SDS-PAGE gel (Bio-Rad) and electroblotted to nitrocellulose membrane (GE Healthcare). The membranes were incubated in blocking solution [5% milk in Tris-buffered saline with Tween 20 (TBS-T) for 1 h at room temperature] and then incubated with anti-mouse GFAP (1:10,000 Millipore) with 5% milk in TBS-T overnight at 4°C. After three washes with TBS-T, the membranes were incubated for 1 h at room temperature in goat anti-mouse IgG horseradish peroxidase (HRP; 1:5,000; Bio-Rad) in 5% milk in TBS-T. After TBS-T washes, the immunoreactivity was detected using SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) for HRP. To monitor the loading and blotting of equal amounts of protein, the membranes were incubated with an antibody against actin (1:1,000; Sigma-Aldrich). The ECL-exposed films were quantified by comparing the intensity of the bands on a Western blot (ImageJ version 1; National Institutes of Health). Intensity measurements were normalized to actin levels.
Statistical analysis. All data are means Ϯ SE. Student's t-test and analysis of variance (ANOVA) were used.
RESULTS
MII analysis is an electrophysiological approach, commonly used to estimate the lower limit number of afferents converging onto a single neuron. We used MII analysis to estimate the number of trigeminal afferents converging on single barrelette cells during development and following neonatal IO nerve damage in rat pups.
Synaptic refinement in the developing PrV of postnatal rats. Previously, we reported that single barrelette neurons receive multiple trigeminal afferents in the developing PrV (Lo et al. 1999) . However, quantitative analyses were not performed. In the present study, we voltage-clamped EPSCs at ϩ60 mV (to accommodate the absence of functional AMPA receptors in silent synapses; see Lo and Erzurumlu 2007) and quantitatively analyzed MII in the developing PrV. In both rats and mice, any damage to the whisker follicles or to the IO nerve up to P3 (but not after P4) results in predictable and permanent alterations in whisker-specific neural patterning all the way from the trigeminal brain stem to the neocortex; thus this period is known as the critical period for structural plasticity (reviewed in Erzurumlu 2010). During the critical period, single barrelette neurons receive inputs from 3-6 trigeminal fibers with an average MII of 4.67 Ϯ 0.34 (n ϭ 12). Between P4 and P6, the MII slightly decreased to 4.00 Ϯ 0.40 (n ϭ 7), but it was not significantly different (P Ͼ 0.25) from that on P1-P3. An example of superimposed EPSCs induced by increasing stimulus intensities is shown in Fig. 1A . A plot of the EPSC amplitude against the stimulus intensity shows four jumping steps in EPSC amplitudes (Fig. 1B) . In the second postnatal week (P7-P13), single barrelette neurons received significantly (P Ͻ 0.01) fewer trigeminal afferents than the first postnatal week; the MIIs ranged from 2 to 4 with a mean of 3.00 Ϯ 0.20. This indicates synaptic pruning with elimination of about 30% synaptic connections during the second postnatal week ( Fig. 2A, filled bars) . Next, we used the same electrophysiological approach to assess the effects of sham operation and P0 IO nerve transection.
Sham operation does not alter the developmental synaptic refinement. Synaptic refinement in the PrV of the sham-operated side was about the same as that of intact PrV ( Fig. 2A , open bars). During the critical period (P1-P3), averaged MII was 4.88 Ϯ 0.37 (n ϭ 8), which was similar to that of intact PrV (P Ͼ 0.70). Between P4 and P6, the MII slightly decreased to 4.17 Ϯ 0.28 (n ϭ 6), but it was not significantly different (P Ͼ 0.20) from that on P1-P3 and from that of intact PrV (P Ͼ 0.76). In the second postnatal week (P7-P13), the averaged MII was 3.00 Ϯ 0.18 (n ϭ 8), which was significantly lower than that on P1-P3 (P Ͻ 0.006) and just the same as that of intact PrV. Thus sham lesions, which leave the IO nerve intact, do not affect postnatal synaptic pruning.
Neonatal deafferentation results in rapid formation of new synaptic connections in the PrV. One day after IO nerve transection, the MII of barrelette neurons was 4.67 Ϯ 0.41 (Fig.  2B) , which is similar to that of intact P1-P3 PrV (4.67 Ϯ 0.34; Fig. 2B , filled bar). Two days after deafferentation, the MII increased to 5.43 Ϯ 0.53, but this was not significant (P Ͼ 0.1). A significant increase in MII (6.17 Ϯ 0.54, P Ͻ 0.05) occurred 3 days after deafferentation (Fig. 2B ). An example of six trigeminal inputs is presented in Fig. 1 , C and D. On the 4th and 5th days following IO lesion, the MII continued to increase (7.50 Ϯ 0.50 and 8.00 Ϯ 0.35, respectively; P Ͻ 0.005) and reached a plateau after the 6th day. The MIIs remained at the same level (8.08 Ϯ 0.25) between 6 and 13 days after deafferentation. There was no significant difference (P Ͼ 0.85) from that on the 5th postdeafferentation day (Fig. 2B) .
The MII on postdeafferentation days 6 -13 was about 2.7 times (P Ͻ 0.0001) that of the MII (3.00 Ϯ 0.20) in intact PrV at the same age. An example of innervation by nine trigeminal fibers is presented in Fig. 1 , E and F. Thus reactive synaptogenesis occurs mainly 3-5 days after IO nerve transection. These newly formed synapses are developmentally stabilized in the deafferented PrV. Our results are in line with previous findings that PrV cells display larger, complex receptive fields in neonatally lesioned animals (Waite 1984) .
The synaptogenesis revealed by electrophysiology was also supported by immunohistochemistry for synaptophysin, a marker for presynaptic terminals (synaptic puncta). The density of synaptic puncta in the deafferented PrV was significantly higher than that in the intact PrV (Fig. 3) . Synaptic puncta visualized by immunohistochemistry represent all synaptic inputs to the PrV (from the trigeminal nerve, inter-and intranuclear synapses, corticotrigeminal synapses, etc.) Hence, for quantifications, we normalized the fluorescence intensity with respect to the uninjured control PrV. We first designated a standardized, circular ROI placed on the barrelette region of the PrV (faded circular regions in low-power micrographs in Fig. 3 ) and performed quantitative measurements. Normalized synaptophysin labeling in the control PrV ROI was 100.0 Ϯ 2.6%, whereas the labeling on the IO cut side was 121.4 Ϯ 2.1%, which is significantly higher (P Ͻ 0.005).
Reactive synaptogenesis in the deafferented PrV occurs beyond critical period for barrelette plasticity. IO nerve damage during the neonatal critical period leads to loss of trigeminal afferent terminal patterns (Fig. 5 , B vs. A) and nonpolarized dendritic orientation of barrelette neurons (Lo and Erzurumlu 2001) . In the next series of experiments, we tested whether IO nerve transection-induced reactive synaptogenesis is restricted to the critical period or extends beyond it. When we compared the time course of reactive synaptogenesis after P0 and P4 lesions, both were similar (Fig. 4) . There was no significant difference (P Ͼ 0.35) between the two groups at each postinjury day. Because IO nerve lesion on P4 did not alter barrelette patterns (Fig. 5, D vs. C) , we conclude that the mechanisms underlying synapse formation induced by peripheral nerve injury are different from the mechanisms underlying barrelette pattern formation and consolidation in the PrV.
Neonatal deafferentation leads to upregulation of astrocytespecific protein expression. Immunohistochemistry experiments revealed a marked astrocytosis and GFAP expression in the IO nerve-recipient zone of the PrV (Fig. 5, E-L) . Interestingly, this intense GFAP immunostaining was seen after both P0 and P4 IO nerve lesions (Fig. 5, E-L) , suggesting that reactive gliosis is not restricted to the critical period for structural plasticity. Western blot analyses also revealed a marked increase in GFAP expression in the barrelette region of the deafferented PrV (Fig. 5M) . The deafferented PrV (IO cut) showed much higher GFAP expression than the intact PrV (control). The intensity of the deafferented PrV was 200.20 Ϯ 5.42%, which is significantly higher (P Ͻ 0.001) than that of the intact PrV (101.45 Ϯ 0.97%; Fig. 5N ). On the shamoperated side, the barrelette patterns and GFAP expression in the PrV were similar to the intact PrV (Fig. 5, O and P) .
Because astrocytes are highly heterogeneous in their gene expression profiles (for reviews, see Kimelberg 2009; Zhang and Barres 2010), GFAP, once thought to be the "pan-astrocyte marker," is not expressed in all classes of astrocytes (Kimelberg 2009). Thus we examined the expression in the PrV of ALDH1L1, which was proposed to be a "highly, broadly and specifically antigenic marker for astrocytes" (Cahoy et al. 2008; Yang et al. 2011) . Both GFAP and ALDH1L1 labeled more astrocytes on the deafferented PrV than on the intact PrV (Fig. 6, A and C vs. B and D, and E and G vs. F and H) . On each side, ALDH1L1 labeled more astrocytes than GFAP did (Fig. 6, A-D vs. E-H) .
Astrocytes of postnatal rats are immature during reactive synaptogenesis following neonatal deafferentation. Astrocytes are generated from radial glia after neurogenesis is completed. In postnatal animals, astrocytes are immature with short processes and complex, nonlinear current-voltage (I-V) profiles. As they mature, they acquire stellate morphology and linear I-V relationships (Béchade et al. 2011; Zhou et al. 2006) . Interestingly, immature and mature astrocytes have different functions in synaptogenesis and synaptic plasticity (for reviews, see Bradbury and Carter 2011; Ullian et al. 2004 ). For example, immature astrocytes promote CNS axonal regeneration, whereas mature ones inhibit axon regeneration by secreting CSPGs. Injection of immature astrocytes or CSPG degradation in perineuronal nets reactivates ocular dominance plasticity in the adult visual cortex (Muller and Best 1989; Pizzorusso et al. 2002) . CSPG expression is an important index to differentiate immature and mature astrocytes. We used WFA labeling to determine whether CSPGs related to mature astrocytes play a role in reactive synaptogenesis in the PrV. Curiously, WFA did not label the extracellular matrix (ECM) or astrocytes in the PrV of rat pups during the first postnatal week (Fig. 6, J , K, M, N) but labeled astrocytes in the PrV of adult rats (Fig. 6, P and Q) . This result suggests that astrocytes are B: time course of synaptogenesis after deafferentation. One day after deafferentation [infraorbital (IO) cut], the MII is the same as that in intact PrV on P1-P3 (control). The MII begins to increase from 2 days after IO cut and reaches a plateau after 5 days later. Compared with 1 day postdeafferentation, the increase in the MII is significant on 3-5 days postdeafferentation (*P Ͻ 0.05; **P Ͻ 0.005; ***P Ͻ 0.0005). Compared with 1 day postdeafferentation, the increase in the MII is significant on 3-5 days postdeafferentation in both cases (*P Ͻ 0.05; **P Ͻ 0.005; ***P Ͻ 0.0005). These results indicate that IO nerve injury-induced reactive synaptogenesis is not confined to the critical period. Wildman et al. 2003) . We administered RB-2 (100 mg/kg ip injections on P0, P2, and P4) to test the effect of P2Y 4 receptor blockade on normal developmental and reactive synaptogenesis in the PrV. In all pharmacological blockade experiments, IO nerve lesions were performed unilaterally. Thus the uninjured side of the same brain served as an internal control for the effects of drug manipulations on normal synaptogenesis.
In the intact PrV, the averaged MII for barrelette cells was 4.10 Ϯ 0.33 (Fig. 7A , intact, filled bar), and after RB-2 injections, the MII in the intact PrV was 4.00 Ϯ 0.47 (Fig. 7A , intact, open bar); there was no significant difference between them (P Ͼ 0.85). Thus RB-2 injections do not affect normal developmental synaptogenesis. In the deafferented PrV without RB-2 injection, the MII was 8.33 Ϯ 0.41 (Fig. 7A , IO cut, filled bar). In the deafferented PrV of RB-2-injected pups, the MII was 5.57 Ϯ 0.39 (Fig. 7A, IO cut, open bar), which was larger (P Ͻ 0.05) than that in the intact side (Fig. 7A , intact, open bar) but smaller (P Ͻ 0.001) than that without RB-2 injection (Fig. 7A, IO cut, filled bar) . These results indicate that RB-2 partially blocks reactive synaptogenesis. This is in line with in vitro studies showing that ATP-induced TSP-1 expression in cultured astrocytes is not completely blocked by RB-2 (Tran and Neary 2006) .
To further investigate the involvement of purinergic receptors in reactive synaptogenesis, we administered SRMN, a broad spectrum antagonist of P2X and P2Y receptors (Abbracchio et al. 2006; Burnstock 2006; Friedle et al. 2010; Lambrecht et al. 2002) . After SRMN injections (20 mg/kg ip on P0, P2, and P4), the MII of barrelette cells on the intact side was 3.91 Ϯ 0.40 (Fig. 7B, intact, open bar) , similar to that of normal control value (P Ͼ 0.73, Fig. 7B , intact, filled bar). Thus SRMN injections do not affect developmental synaptogenesis in the PrV. After SRMN injections, the MII of deafferented PrV barrelette cells was 4.00 Ϯ 0.29, which was about the same as that of the intact PrV (P Ͼ 0.86, Synaptogenesis induced by deafferentation requires functional astrocytes. The upregulation of GFAP and ALDH1L1 in the deafferented PrV (Fig. 5, E-N, and Fig. 6, B, D, F, H) suggests that astrocytes play an important role in reactive synaptogenesis induced by neonatal IO transection. Because SFA is selectively taken up by astrocytes and leads to inhibition of their aconitase in the tricarboxylic acid cycle, it is extensively used as an astrocyte-specific function inhibitor (Andersson et al. 2007; Dopico et al. 2006; Fonnum et al. 1997; Hassel et al. 1997; Henneberger et al. 2010; Hulsmann et al. 2003; Lian and Stringer 2004; Okada-Ogawa et al. 2009; Shigetomi et al. 2008; Zhang et al. 2003; Zielinska et al. 2007 ). We administered SFA (1 mg/kg ip injection on P2) to perturb astrocyte metabolism to determine any changes in synaptogenesis in both intact and deafferented PrV. After SFA injection, the MII was 4.36 Ϯ 0.35 on the intact, control side (Fig. 7C , intact, open bar). It was not significantly different from that on the intact PrV without SFA injection (P Ͼ 0.60, Fig. 7C , intact, filled bar), indicating that SFA injection does not alter normal development of synaptic connections. After IO transection with SFA injection, the MII for barrelette cells was 5.10 Ϯ 0.30 (Fig. 7C, IO cut, open bar) , which was significantly (P Ͻ 0.001) less than that for IO cut alone (Fig.  7C, IO cut, filled bar) , but it was not significantly different (P Ͼ 0.05) from that for the intact side with or without SFA injection (Fig. 7C, intact, filled and open bars) . Thus SFA injection completely blocks reactive synaptogenesis in the deafferented PrV.
Synaptogenesis induced by deafferentation involves TSPs. In vitro studies have shown that TSPs promote synapse formation (Christopherson et al. 2005; Eroglu et al. 2009; Xu et al. 2009 ). Interestingly, TSP-induced synapses are presynaptically active but are postsynaptically silent (Christopherson et al. 2005; Xu et al. 2009 ). We have shown that in the deafferented PrV, most barrelette neurons show silent synapses (Lo and Erzurumlu 2007) , suggesting that IO nerve injury-induced reactive synaptogenesis in the PrV is mediated by TSPs. A recent study showed that GBPT blocks TSP-induced synaptogenesis in vitro (Eroglu et al. 2009 ). We tested the effect of GBPT (100 mg/kg ip injections on P1-P4) in our in vivo model of reactive synaptogenesis.
After GBPT injections, the averaged MII in the intact PrV was similar to that for the control value (4.00 Ϯ 0.26, P Ͼ Fig. 6 . Expression of glial markers and chondroitin sulfate proteoglycans (CSPGs). Top: both GFAP and ALDH1L1 expression are upregulated in the deafferented PrV. Low-and high-power photomicrographs of the intact PrV (A and C) show low GFAP expression, whereas in the deafferented PrV (B and D) GFAP expression is upregulated. Similarly, ALDH1L1 expression is upregulated in the denervated PrV (F and H) compared with the intact side (E and G). Note that ALDH1L1 labeled more astrocytes than GFAP, indicating that it is a better pan-astrocyte marker. Bottom micrographs illustrate the absence of Wisteria floribunda agglutinin (WFA) staining for CSPGs in the neonatal PrV (J and M), whereas the same procedure shows high levels of CSPG staining in the adult PrV (P). The same sections were immunostained with GFAP (I, L, and O), and double labeling is shown in K, N, and Q. Arrowheads point to astrocytes double-labeled with both WFA and GFAP. Scale bar, 100 m. 0.82; Fig. 7D , intact, filled vs. open bar). In the deafferented PrV, the MII was 4.73 Ϯ 0.24 (Fig. 7D, IO cut, open bar) , which was significantly lower (P Ͻ 0.001) than that without GBPT injections (Fig. 7D , IO cut, filled bar) but not different from that for the intact PrV (P Ͼ 0.059; Fig. 7D , intact, open bar). Therefore, GBPT completely blocks reactive synaptogenesis but not the normal course of developmental synaptogenesis. After completing these Student's t-tests, we performed ANOVA tests for all data sets in Fig. 7 . Only values for IO cut controls (P Ͻ 0.001) and IO cut RB-2-injected intact PrV (P Ͻ 0.05) are different from other values. This supported our Student's t-test results.
Quantitative analysis of GFAP immunohistochemistry. We took GFAP expression in the ventral part (barrelette region, marked by 2 arrowheads in Fig. 8, A-E) of the PrV to reveal the effect of different antagonists. In the control animals, the GFAP labeling in the ROI (circle in Fig. 8, A-E) of the deafferented PrV was 52.4 Ϯ 2.3 (Fig. 8G, IO cut, control) , which was much higher (P Ͻ 0.001) than that of the intact PrV (8.1 Ϯ 1.3, n ϭ 13, Fig. 8G, intact, control) . Example micrographs for control animals are presented in Fig. 8A and Fig. 5 , E-L. After application of RB-2, the GFAP labeling in the deafferented PrV was reduced (Fig. 8B) . GFAP labeling in the barrelette region of the intact PrV was 5.5 Ϯ 1.3, which was not different (P Ͼ 0.16) from that of control animals, whereas the labeling in the deafferented PrV was 22.9 Ϯ 2.4 (n ϭ 13), which was significantly higher (P Ͻ 0.001) than that of intact PrV (Fig. 8G , intact, RB-2) but significantly lower than that of control deafferented PrV (P Ͻ 0.001; Fig. 8G , IO cut, RB-2 vs. control). Thus RB-2 injections partially blocked GFAP expression in the deafferented PrV, similar to our electrophysiological results. Application of SRMN abolished the increased GFAP expression in the deafferented PrV (Fig. 8C) . The GFAP labeling on both sides were about the same (8.0 Ϯ 2.8 vs. 8.6 Ϯ 1.1, n ϭ 8, P Ͼ 0.62; Fig. 8G, SRMN) ; this is in line with our finding that SRMN completely blocked synaptogenesis. Application of GBPT did not affect GFAP expression on both intact and deafferented PrV (Fig. 8D) . The GFAP labeling in the intact side was 7.1 Ϯ 1.5 (n ϭ 10), which did not differ from that of control animals (P Ͼ 0.62; Fig. 8G , intact, GBPT vs. control), whereas the labeling in the deafferented PrV was 54.7 Ϯ 4.2, similar to that of control animals (P Ͼ 0.61; Fig.  8G , IO cut, GBPT vs. control). This result did not contradict our electrophysiological results showing that GBPT completely blocked reactive synaptogenesis, because GBPT blocks the effect of TSPs on synaptogenesis, downstream of astrocyte reaction. ANOVA analysis supported t-test results showing control, RB-2, and GBPT values on the IO cut side were different (P Ͻ 0.001) from other values (Fig. 8G) . Notably, application of SFA resulted in a great increase in GFAP expression nonselectively. Swollen astrocytes were distributed all across brain stem sections. There was no difference between the intact and deafferented PrV (Fig. 8E) . The inferior colliculi and cerebellum on both sides were also heavily GFAP positive (Fig. 8F) . Despite widespread GFAP expression in the brain stem, the physiological function of astrocytes in reactive synaptogenesis is completely blocked by SFA in the deafferented PrV without affecting normal developmental synaptogenesis in the control PrV.
The disruption of whisker-specific patterns is independent of astrocyte function. IO nerve transection at birth leads to failure in whisker-specific neural patterning, barrelette formation, in the rodent PrV. There is a critical period for this effect that ends abruptly by P3 in both mice and rats (Erzurumlu 2010) . Initially, we thought that P0 IO nerve transection-induced reactive synaptogenesis and astrocytosis might also be related to critical period plasticity for barrelette formation. However, our experiments involving IO nerve lesions after the end of the critical period still showed reactive synaptogenesis and upregulated GFAP expression. In the visual system, the presence of immature astrocytes is a prerequisite for visual cortical plasticity (Muller and Best 1989) . Our pharmacological intervention experiments aimed at blocking various aspects of astrocyte function did not alter barrelette patterns in the developing PrV. After application of RB-2, SRMN, SFA, and GBPT, the intact side of the PrV showed normal barrelettes (Fig. 9, A, C , E, and G) and the deafferented side revealed their absence (Fig. 9, B , D, F, and H) . These observations indicate that neonatal IO nerve damage-induced barrelette pattern failure may not involve astrocytes but that the ensuing reactive synaptogenesis does.
DISCUSSION
The electrophysiological method to estimate the number of innervating fibers to each target neuron was first used at the neuromuscular junctions of newborn rats (Redfern 1970) . This approach was later used in the studies on postnatal synaptic refinement in the olivocerebellar (Crepel and Mariani 1976; Mariani and Changeux 1981) , retinogeniculate (Chen and Regehr 2000; Hooks and Chen 2006; Stevens et al. 2007) , retinocollicular (Lu and Constantine-Paton 2004) , and medial lemniscal pathways (Arsenault and Zhang 2006) . The criterion for Fig. 8 . Analysis of GFAP expression after various drug treatments in the intact (control) and deafferented (IO cut) PrV. A: example micrographs of a control animal showing higher GFAP labeling in the ROI (circles) of the barrelette region (arrowheads) in the deafferented (IO cut) PrV than in the intact PrV. B: after RB-2 injections, the GFAP labeling in the deafferented side was less than that in control animals, but the labeling in the intact side was not changed. C: after SRMN injections, the GFAP labeling in the deafferented side was similar to that of the intact side, which was also similar to that of control PrV. D: after GBPT injections, the GFAP labeling in both sides was similar to that of controls, suggesting GBPT does not alter GFAP expression. E: application of SFA led to a conspicuous increase in GFAP labeling all over the brain stem. F: upregulation of GFAP expression was also seen in the cerebellum and inferior colliculus (IC). G: averaged measurements of GFAP labeling show that drug treatments did not affect GFAP expression in the intact PrV. In the deafferented PrV, RB-2 decreased GFAP labeling, SRMN completely blocked the increased GFAP labeling, and GBPT had no effect on GFAP labeling. ANOVA showed that only control, RB-2, and GBPT values are higher (***P Ͻ 0.001) than other values. Fig. 9 . Pharmacological interventions aimed at perturbing astrocyte function do not interfere with formation and maintenance of barrelette patterns in the intact PrV. A comparison of intact and IO cut sides in the same brains from P5 rat pups that underwent P0 IO damage and includes images of controls (no drug treatment; A) and pups injected with RB-2 (B), SRMN (C), SFA (D), and GBPT (E). Note that in all cases the intact side has barrelette patterns, whereas the IO cut side has no patterns. Scale bar, 100 m. multiple innervation is the "stepwise graded character" or "abrupt jump in the amplitude" of postsynaptic responses on progressively increasing stimulus intensity. The number of jumping steps provides an estimation of the lower limit number of innervating fibers, because a jumping step represents additional activation of a group of afferent fibers that have similar stimulus threshold. We know that unitary EPSCs induced by a single fiber fluctuate in amplitude (Laurent et al. 2002) . The amplitudes of EPSCs induced by a group of fibers fluctuate to a much less extent, because the fluctuations in EPSC amplitude for different fibers counteract each other. That is why the amplitude variation of EPSCs induced by the same stimulus intensity is always less than three times the noise SD in our study. It is important to note that multiple input index analysis cannot reveal the exact number of fibers innervating a given neuron. However, despite its limitations, this technique is an effective physiological means to illustrate the changes in the convergence of afferent fibers onto single neurons. Using this approach, we have demonstrated that about 30% of synaptic connections are eliminated during the postnatal development in the intact PrV. In addition, we have shown emergence of rapid synaptogenesis in the neonatally deafferented PrV and effects of different blockers on it.
Our immunohistochemical studies also supported the electrophysiology findings and presence of intense GFAP expression as a result of neonatal peripheral nerve damage. The intensity of immunofluorescence for synaptophysin (a marker for presynaptic puncta) was significantly higher than that in the intact PrV. It is worth noting that the quantitative analyses of immunostaining results and their statistical evaluation do not compare the actual physical number of synapses or GFAP-labeled astrocytes in the control and the denervated PrV. Our results merely compare fluorescence intensity of immunolabeling in the control and denervated PrV and in the denervated and enervated portions of the PrV. Use of array tomography or superresolution fluorescence imaging with multicolor, three-dimensional stochastic optical reconstruction microscopy would give the actual number of synapses within nanometer precision (Dani et al. 2000; Micheva and Smith 2007) . Another caveat to our immunohistochemistry results is that we were able to use only a presynaptic marker, synaptophysin. We tested several commercially available postsynaptic density protein markers, but although they worked fine in the cortex, superior colliculus, cerebellum, and hippocampus, they did not work in the brain stem regions where the PrV is localized. Despite these shortcomings, the immunofluorescence comparisons between the control and denervated portions of the PrV revealed clear differences supporting our electrophysiological findings.
Brain injury leads to an increase in extracellular adenosine 5=-triphosphate (ATP) (Braun et al. 1998; Fields and Stevens 2000) . ATP is released from various sources (Franke et al. 2006; Vizi et al. 2001) , including the damaged cells (Fields and Stevens 2000) . ATP activates purinergic receptors of astrocytes so that astrocytes switch from quiescent (resting) to reactive status (Collazos-Castro and Nieto-Sampedro 2001; Tran and Neary 2006) . Reactive astrocytes release soluble factors such as TSPs (Christopherson et al. 2005; Tran and Neary 2006) , cholesterol (Slezak and Pfrieger 2003) , and other factors (see for review Pfrieger 2010; Stevens 2008) . Among these factors, TSPs mediate cell-cell and cell-extracellular matrix interactions (Adams 2001) and have been reported to induce the formation of ultrastructurally normal synapses but postsynaptically silent synapses (Christopherson et al. 2005) . A role of astrocytes in synaptogenesis is further strengthened by observations from TSP1/2 knockout mice, which develop significantly fewer numbers of excitatory synapses (Christopherson et al. 2005) .
In the present study, IO nerve damage only affected the presynaptic central trigeminal axons and terminals. We do not know whether this also results in ATP increase in the PrV. Previous studies have shown that IO nerve injury at birth induces increased apoptosis in the trigeminal ganglion and the PrV starting 2-24 h after peripheral injury (Miller and Kuhn 1997; Sugimoto et al. 1999) . It is reasonable to assume that the dying PrV cells release ATP that activates purinergic receptors and induces robust astrocytic responses in the deafferented zone of the PrV. Systematic application of RB-2 partially blocks synaptogenesis, similar to the results of in vitro studies (Tran and Neary 2006; Wildman et al. 2003) . Reactive synaptogenesis is completely blocked by application of SRMN, a broad-spectrum antagonist for P2 receptors. These results are further supported by GFAP immunohistochemistry. Notably, peripheral nerve injury leads to neuropathic pain by activating purinergic receptors (P2X 4 ) of astrocytes and microglia in other nuclei (Beggs and Salter 2010; Okada-Ogawa et al. 2009; Piao et el. 2006) . Because microglial response triggered by nerve injury is not mature before P16 (Moss et al. 2007 ) and synaptogenesis in the PrV occurs mainly in the first postnatal week, we believe the effects of RB-2 and SRMN on synaptogenesis are caused by blocking the activation of astrocytes.
Astrocyte activity can be selectively impaired with SFA, a specific inhibitor of the Krebs cycle in astrocytes Hassel et al. 1997) . SFA has been used to inhibit astrocyte function (Andersson et al. 2007; Dopico et al. 2006; Henneberger et al. 2010; Hulsmann et al. 2003; Lian and Stringer 2004; Okada-Ogawa et al. 2009; Shigetomi et al. 2008; Zhang et al. 2003; Zielinska et al. 2007 ). However, its effect on synaptogenesis is still unknown. In our in vivo model, application of SFA did not alter synaptic connections in the intact PrV but completely blocked reactive synaptogenesis in the deafferented PrV, indicating that functional astrocytes play a critical role in reactive synaptogenesis. Interestingly, systemic application of SFA induces a robust, ubiquitous GFAP expression in the CNS. Our electrophysiological results show that this upregulated GFAP expression does not affect normal developmental synaptogenesis in the control PrV but abolishes reactive synaptogenesis in the deafferented PrV. These results suggest that SFA switches astrocytes into reactive status but also abolishes their function in reactive synaptogenesis.
Brain injury also upregulates TSPs in astrocytes (Tran and Neary 2006) . TSP family members TSP1 and TSP2 are trimers and interact with cell-surface receptors, cytokines, growth factors, and proteases and have been reported to induce synapse formation (Christopherson et al. 2005; Xu et al. 2009 ). Genetic deletion of these proteins in mice results in 30% fewer synapses in their brains (Allen and Barres 2005; Christopherson et al. 2005) . TSPinduced synapses are apparently "silent synapses" that contain NMDA receptors but lack AMPA receptors (Christopherson et al. 2005) , much like what we found in the neonatally deafferented PrV (Lo and Erzurumlu 2007) . Recently, GBPT (and pregabalin) was identified as a ligand for calcium channel subunit ␣2␦-1 and was reported to block TSP-induced synaptogenesis (Eroglu et al. 2009 ). Our in vivo results support this finding. GBPT treatment of rat pups completely blocks reactive synaptogenesis in the deaf-ferented PrV but does not affect the normal course of developmental synaptogenesis in the same brain.
Taken together, our results indicate that peripheral sensory nerve damage in neonates leads to robust synaptic plasticity in the brain stem and that astrocytes play a major role in this process through purinergic receptors and TSP secretion. We do not know the morphological substrates of this synaptic plasticity. The most likely scenario would be sprouting of surviving trigeminal afferent terminals in the PrV and their convergence on a reduced number of PrV neurons (due to transsynaptic cell death). In this context, astrocytes could be inducing both sprouting and synapse formation. Finally, the consequences of this neonatal reactive synaptogenesis in the adult state are not known but may lead to hypersensitivity of the pathway or neuropathic pain conditions (Moss et al. 2007; Okada-Ogawa et al. 2009 ). Pharmacological intervention of astrocyte signaling at various levels offers venues of ameliorating the peripheral nerve injury-induced reactive synaptogenesis in the neonatal brain. The present study also allows differentiation of developmental synaptogenesis, which is clearly not affected by pharmacological blockade of astrocyte function, from injury-induced reactive synaptogenesis.
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